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Fay Y. Lin, MD,* Richard B. Devereux, MD,* Mary J. Roman, MD,* Joyce Meng, MD,*
Veronica M. Jow, MD,* Avrum Jacobs, MD, Jonathan W. Weinsaft, MD,*
Leslee J. Shaw, PHD,‡ Daniel S. Berman, MD,§ Tracy Q. Callister, MD,† James K. Min, MD*
New York, New York; Hendersonville, Tennessee; Atlanta, Georgia; Los Angeles, California;
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O B J E C T I V E S We derived mean values for cardiac dimensions, volumes, function, and mass in a
normotensive nonobese population free of cardiovascular disease.
B A C KG ROUND Multidetector computed tomography (MDCT) permits study of cardiac chamber
size, function, and mass. Age- and gender-speciﬁc mean values are not available.
METHOD S A total of 103 normotensive, nonobese adults (43% women, age 51  14 years) who
presented consecutively to 2 medical centers for clinically indicated MDCTs with neither history of nor MDCT
evidence of signiﬁcant cardiovascular disease were studied for left ventricular (LV) and right ventricular (RV)
end-systolic (ES) and end-diastolic (ED) linear dimensions and volumes; LV and RV ejection fraction (EF), and
LV mass (LVM); and left atrial (LA) and right atrial (RA) end-systolic volumes (LAESV and RAESV, respectively)
by 1-dimensional (1D), 2-dimensional (2D), and 3-dimensional (3D) measurements.
R E S U L T S The LV volumes using 3D techniques were lower than 2D techniques (LVEDV mean 144
 71 ml vs. 150  70 ml), with higher LVEF (63  15% vs. 57  13%) (p  0.001 for both). Mean
LVM/height2.7 was 24.3  11.0 g/m2.7 and mean relative wall thickness was 0.16 to 0.44. Evaluation by
20 versus 10 cardiac phases resulted in higher LVEF (mean difference: 3.4 9.0%, p 0.001). For LVEDV,
interobserver (r 0.99, p 0.001) and intraobserver (r2 0.97, p 0.001) correlations were high. Mean
RVEDV was 82 57 ml and RVEF was 58 16. The LAESV determined by 3D techniques was higher than
by that determined by 2D methods (102  48 ml vs. 87  57 ml, p  0.0003). The RAESV determined
by 3D techniques was 111.9  29.1 ml. The LV size and LVM were greater in men than in women (p 
0.01). The LV size declined with age (p  0.01), but LVM did not.
CONC L U S I O N S This study establishes age- and gender-speciﬁc values for LV, RV, LA, and RA size,
function, and mass in adults free of cardiovascular disease, hypertension, and obesity using 1D, 2D, and
3D methods. These data can be used as a reference for future MDCT studies. (J Am Coll Cardiol Img
2008;1:782–6) © 2008 by the American College of Cardiology Foundation
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783ultidetector computed tomography
(MDCT) is a noninvasive imaging test
that permits 3-dimensional (3D) study
of cardiac structure and function. To
ate, reference values have not been established for
eft ventricular (LV), right ventricular (RV), left
trial (LA), and right atrial (RA) size, function, and
ass by MDCT. Age- and gender-specific values
re important for classification of disease, stratifi-
ation of risk, and guidance of therapy.
Reference standards for MDCT cannot be
xtrapolated from echocardiography or cardiac
agnetic resonance imaging (CMR) due to dif-
erences in temporal and spatial resolution and
ignal-to-noise levels (1–3). Prior reports using
DCT for cardiac measures have examined
mall samples without stratification of age and
ender differences and have included individuals
ith cardiovascular disease (CVD).
We define mean values in normotensive, nonobese
ndividuals free of CVD. We evaluated LV and RV
imensions, end-diastolic and -systolic volumes
EDV and ESV, respectively), ejection fraction (EF),
AESV and RAESV, LV and RV wall thickness
WT), and left ventricular mass (LVM).
E T H O D S
opulation. This study included participants 18
ears without CVD or hypertension that underwent
4-row cardiac MDCT angiography. Nurses inter-
iewed participants prospectively for CVD, risk
actors, and symptoms. Participants were excluded
f they had significant CVD, hypertension, or body
ass index (BMI) 30 kg/m2. This study was
pproved by the institutional review boards of
ornell Medical College and the Tennessee Heart
nstitute.
ardiac MDCT angiography. Participants underwent
DCT by a standard protocol (4). All scans were
erformed with 64-row computed tomography scan-
ers (Lightspeed VCT, GE Healthcare, Milwaukee,
isconsin) using a triple-phase contrast protocol: 60
l of iodixanol, 50 ml of a 50:50 mix of iodixanol and
aline, then 50 ml of saline. Scan parameters were 64
0.6 mm collimation, tube voltage 120 mV, 350 to
50 mA. Twenty phases of axial data at 2.5-mm
hickness were reconstructed from beginning to end of
he cardiac cycle in 5% intervals.
ardiac chamber measures. Post-processing and in-
erpretation were performed by 2 cardiologists
linded to clinical history. Based on the mid-point
f the maximal mitral annular plane to the LV apex
n the sagittal view, long- and short-axis planes of che LV and RV were reformatted and assessed for
D and ES phases.
-DIMENSIONAL (1D) MEASURES. Anteroinferior
AI) and septal-lateral (SL) diameters and WT in
hort-axis planes were measured at the LV and RV
id-papillary levels at ED and ES. Four-chamber
ong-axis LV and RV cavity lengths were measured
rom the apex to the mid-mitral plane in ED and
S. The LVM was estimated using the American
ociety of Echocardiography equation (2).
-DIMENSIONAL (2D) MEASURES. We measured
VESV, LVEDV, and LVM using Simpson’s
ethod of discs. In a subset (n 49), ES LA area was
easured in 4- and 2-chamber planes and LAESV
alculated using the area-length method (2).
D MEASURES. We obtained 3D volumes
or the LV and RV at ED and ES and for
he LA and RA at ES using software
CardIQ, Advantage Workstation 4.3, GE
ealthcare) that uses a Hounsfield unit–
ased endocardial border detection tech-
ique with manual correction. The LV and
V volumes included the outflow tracts.
he LA and RA volumes included append-
ges.
NTEROBSERVER, INTRAOBSERVER, IN-
ERVENDOR, AND INTERPHASE VARI-
BILITY. Readers measured the data of 20
articipants independently. One reader re-
easured the datasets of 20 participants
12 weeks after the first measurements.
e measured the 3D LVESV, LVEDV,
nd LVM of 20 participants and of 50
articipants with 10 versus 20 phases on 2
orkstations (Advantage Workstation,
E Healthcare, and Vitrea Workstation,
ital Images, Minnetonka, Minnesota).
TATISTICS. We estimated a need for 100 patients to
btain a mean value for LV ED dimension to a 95%
onfidence interval (CI) of 1.5 mm. Means, standard
eviations, and 95% CIs were calculated for the overall
roup, for 3 age groups, and both genders. We
ompared the 2D and 3D techniques by paired t test.
roups were compared using the Student t test and
nalysis of variance. Analyses were performed with
PSS version 12.0 (SPSS Inc., Chicago, Illinois).
E S U L T S
articipant characteristics. The study population in-
A B B
A N D
3D
AI a
BMI
CMR
reson
CVD
EDV
EF e
ESV
LA
LV
LVM
MDCT
comp
RA
RV
SL s
WTluded 103 (59 men) normotensive nonobesR E V I A T I O N S
A C R O N YM S
3-dimensional
nteroinferior
bodymass index
cardiac magnetic
ance imaging
cardiovascular disease
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784icipants without CVD. The mean age was 51.1 
3.6 years, with a mean BMI of 25.0  2.9 kg/m2.
f the population, 2% had diabetes and 37% had
yslipidemia, with 47% smokers; 72% were Cauca-
ian, 10% were Asian, 7% Hispanic, 3% African
merican, and 7% other ethnicities. All patients
ere in sinus rhythm. The average coronary artery
alcium score was 32.3  71.9.
V cavity measures. The LV measures are shown in
able 1. Short-axis specifications resulted in a
oncircular geometry of the LV, with longer AI
ompared with SL measurements (p  0.001 for
ase and mid-cavitary diameters in ED and ES).
ensions, Function, and Mass
unction Mean (SD) 95% CI
47.4 (4.7) 38.2–56.6 Ave
57.7 (5.5) 46.9–68.5 Rel
gth, ED 87.6 (9.3) 69.4–105.8 ASE
ASE
65.2 (20.9) 24.2–106.2 ASE
150.4 (35.6) 80.6–220.2 2D
79.5 (15.1) 49.9–109.1 2D
57.2 (6.8) 43.9–70.5 2D
2D
52.6 (19.2) 15.0–90.2
143.6 (36.4) 72.3–214.9
75.8 (15.0) 46.4–105.2
63.8 (7.7) 48.7–78.9
Echocardiography; ED end-diastole; Ht height; LV left ventricle; LVEDV le
tion fraction; LVESV  left ventricle end-systolic volume; LVIDd  left ventricular i
sional; 2D  2-dimensional; 3D  3-dimensional.
Figure 1. Histograms of LVESVI, LVEDVI, LVMI, and 3D LVEF
Tabulations of frequencies of left ventricular end-systolic volume (A
well as 3-dimensional ranges for left ventricular ejection fraction (D
ventricular volumes, mass, and function. LVEDVI  left ventricular e
LVESVI  left ventricular end-systolic volume index; LVMI  left ventricasal AI ED and ES dimension 95% CI were 44 to
7 mm and 23 to 44 mm, respectively. Basal SL ED
nd ES 95% CI were 38 to 58 mm and 25 to
6 mm.
The 2D LVEDV and LVESV 95% CI were 81
o 220 ml and 24 to 106 ml, respectively. The 3D
VEDV and LVESV 95% CI were 72 to 215 ml
nd 15 to 90 ml, respectively. Histograms for LV
easures are shown in Figure 1.
V function. The 3D measures were highly corre-
ated (r2  0.99, p  0.001) but lower than 2D
easures (Table 1). The 3D LVEF was higher than
D LVEF. In a subset (n  56), differences
LVM Mean (SD) 95% CI
e wall thickness, mm 7.3 (1.3) 4.8–9.8
wall thickness, % 0.30 (0.07) 0.16–0.44
imated LVM, g 132.2 (38.5) 56.7–207.7
imated LVMI, g/m2 69.7 (16.9) 36.6–102.8
M/Ht2.7, g/m2.7 30.2 (7.6) 15.3–45.1
ED, g 106.7 (30.1) 47.7–165.7
I ED, g/m2 56.2 (12.7) 31.3–81.1
/Ht2.7, g/m2.7 24.3 (11.0) 13.3–35.3
ED papillary free, g 114.8 (30.9) 54.2–175.4
ntricle end-diastolic volume; LVEDVI left ventricle end-diastolic volume index;
al dimension end-diastole; LVM  left ventricular mass; LVMI  left ventricular
d-diastolic volume (B), mass indexed to body surface area (C), as
vealed an overall bell-shaped distribution for all measures of left
iastolic volume index; LVEF  left ventricular ejection fraction;Table 1. Mean LV Dim
LV Dimensions and F
1D
LVIDd, septal-lateral rag
LVIDd, anteroinferior ative
LV apical-annular len est
2D est
LVESV, ml LV
LVEDV, ml LVM
LVEDVI, ml/m2 LVM
LVEF, % LVM
3D LVM
LVESV, ml
LVEDV, ml
LVEDVI, ml/m2
LVEF, %
ASE American Society of ft ve
LVEF  left ventricular ejec ntern), en
), re
nd-dular mass index; 3D  3-dimensional.
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785etween papillary-free 2D and 3D measures were
ignificant, but smaller in magnitude than those
btained from papillary-inclusive 2D measures
ESV: 2.8  13.0 ml, EDV: 7.5  29.0; p 
.01 for both). The 3D LVEF was not different
rom the 2D papillary-free measures (p  NS).
nterobserver and interphase variability. In a subset
f 20 patients, interobserver agreement of 3D vol-
mes was high (r2  0.99 for LVEDV and
VESV, p  0.001 for both). Intraobserver agree-
ent was also high (r2  0.98 and 0.97 for
VEDV and LVESV, respectively, p  0.001 for
oth). Similarly, LV measures using 2 workstations
emonstrated excellent agreement (r2  0.94, 0.96
nd 0.93 for LVEDV, LVESV, and LVM, respec-
ively, p  0.001 for all).
For interphase variability, we measured 3D
olumes in a subset (n  55) using 20 versus 10
hases. There was no difference for ESV, but
ean EDV was higher using 20 versus 10 phases
9  21 ml, p  0.001), thus underestimating
VEF using 10 rather than 20 phases (3  9%,
 0.001).
V and RV WT and mass. The LV WT 95% CI was
.8 to 9.8 mm, with no difference between different
V walls (p NS). The RWT 95% CI was 0.16 to
.44 (Table 1). The 95% CI for LVM/height2.7 was
3.3 to 35.3 g/m2.7.
V measures. The RV ED SL and AI 95% CI were
6 to 48 mm and 55 to 90 mm, respectively (Table
). Tricuspid annular excursion in a subset (n 62)
as 19 to 40 mm. The RV WT was 1.0 to 3.8 mm.
Table 2. Mean RV Dimensions, Volumes, and Function
RV Dimensions
End-Systolic
Mean (SD) 95% CI
Linear (n  103)
Mid-cavity, septal-medial, mm 29.6 (5.3) 19.2–40.0
Mid-cavity, anterior-inferior, mm 57.9 (8.0) 42.2–73.6
Apical-annular length, mm 62.0 (8.8) 44.8–79.2
3D (n  85)
3D volume, ml 82.1 (29.2) 24.9–139.3
3D volume index, ml/m2
RV  right ventricle; RVEF  right ventricular ejection fraction; other abbreviat
Table 3. LA and RA Volumes
Atrial Dimensions
2D LAESV (n  49)
Mean (SD) 95% CI
Volume, ml 86.5 (29.1) 29.5–143.5
Volume index, ml/m2 46.2 (13.9) 19.0–73.4LA  left atrium; LAESV  left atrial end-systolic volume; RA  right atrium; RAESVe were unable to evaluate 17% (n  18) of the
A and RV due to insufficient right-sided contrast.
he 3D RVEDV and RVESV were 81 to 269 ml
nd 25 to 139 ml, respectively, with RVEF of 42%
o 74%.
A and RA measures. The LAESV was 55 to 150 ml
Table 3). Calculated LAESVs were lower at 30 to
44 ml (mean difference compared with 3D
AESV: 13 47 ml, p 0.003). The 3D RAESV
as 30 to 89 ml.
ean values by age, sex and BMI. Measured LV
olumes declined with age (p  0.001 for LVEDV
sing 1D, 2D, and 3D techniques) even after index-
tion to body surface area. Small increases in LVEF
ith age were seen by 3D (p  0.05), but not 2D
easurements. No association of LVM with age was
een. The 3D LVEDVI and LVEF 95% CI were
9.4 to 115.2 ml and 50.2 to 71.8 ml, 49.4 to 100.8 ml
nd 48.9 to 78.7 ml, and 38.0 to 100.0 ml and 49.4 to
6.2 ml for ages 40, 40 to 65, and 65 years,
espectively. The 2D and 3D LVEDV was higher in
en than in women, even after indexation for body
urface area (all p  0.001). No gender differences
ere observed for LVEF by 2D or 3D techniques
p  NS for all). The LVM was higher in men, even
fter indexation for height2.7 (p  0.05 for all). The
D LVEDVI and 2D LVM/Ht2.7 95% CI were 43.0
o 99.0 ml and 13.7 to 32.6 g/m2.7, and 50.6 to 108.2
l and 13.8 to 37.3 g/m2.7 for women and men,
espectively.
The LV volumes and LVEF were not associated
ith BMI. The LVM was higher for BMI 25
End-Diastolic
an (SD) 95% CI Other RV Measures Me
Remodeling
.0 (5.7) 25.8–48.2 RV free wall thickness 2
.6 (9.0) 55.0–90.2
.7 (10.4) 57.3–98.1
Functional measures
.9 (48.0) 80.8–269.0 Tricuspid annular excursion, mm 29
.3 (20.3) 53.5–133.1 3D RVEF, % 57
as in Table 1.
3D LAESV (n  103) 3D RA
Mean (SD) 95% CI Mean (SD)
102.3 (24.4) 54.5–150.1 111.9 (29.1)
54.4 (11.9) 31.1–77.7 59.7 (15.0)Me an (SD) 95% CI
37 .4 (0.7) 1.0–3.8
72
77
174 .6 (5.3) 19.2–40.0
93 .9 (8.0) 42.2–73.6ESV (n  85)
95% CI
54.9–168.9
30.3–89.1 right atrial end-systolic volume; other abbreviations as in Table 1.
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786g/m2 versus BMI 25 kg/m2, even after index-
tion for body surface area and height2.7 (p 
.001).
I S C U S S I O N
e established mean values and 95% CIs for LA,
A, LV, and RV size; function; and mass by
4-row MDCT in normotensive, nonobese adults
ithout CVD. The LV measures by 2D and 3D
xhibited significant variation by body size, age, and
ender. Thus, we examined LV mean values and
5% CIs with indexation for body size by age and
ender.
The LV measures by MDCT compare favorably
o CMR, the standard for assessment of LV func-
ion. A meta-analysis found no differences between
DCT and CMR for LVEDV, LVEF, or LVM
1). Several studies have assessed MDCT to quan-
ify LV and RV function but have not established
ean values due to small samples, inclusion of
atients with CVD, and use of older generation
canners. Normal LA and RA volumes have not
een assessed by MDCT.
Our measurements are similar to prior observa-
ions by CMR (2). Underestimation of LAESV by
chocardiogram using the Simpson rule and area-
ength volume formulas has been observed by both
omputed tomography and CMR (5). Small differ-
nces in LV and RV measurements from norms by
DCT compared with CMR or echocardiogram
ay be due to papillary muscle exclusion by MDCT
nd differences in spatial and temporal resolution.
rior studies examining the number of recon-and the chamber quantification writing nary CT angiographersus 20 phases, and 10-phase MDCT underesti-
ates LVEF compared with CMR and 3D echo-
ardiogram (3). We also observed LVEF underes-
imation with 10 phases.
We found differences in LV volumes and mass by
ge, gender, and BMI. Prior CMR studies suggest
hat age- and gender-specific values accounting for
ody size should be used to assess cardiac size and
unction; our results confirm this notion (2).
tudy limitations. No comparative imaging modality
as used. Numerous studies have examined LV and
V by MDCT, demonstrating excellent correlation
o CMR and echocardiogram (1). Our study exam-
ned cardiac measurements in a cohort of healthy
articipants to develop mean reference values.
This study was not a population study. MDCT
ses ionizing radiation and contrast and is inappro-
riate for population studies. Nevertheless, the
eticulous nature by which we defined and identi-
ed healthy individuals without CVD permitted
tudy of participants spanning a wide age range that
s similar to population-based studies.
O N C L U S I O N S
he current data establish mean values for LV, RV,
A, and RA size; function; and mass MDCT using
D, 2D, and 3D methods. This study found dif-
erences among 1D, 2D, and 3D methods, as well
s for age and gender. These data can be used as a
eference for future MDCT studies.
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